The membrane receptor dystroglycan (DG) links the extracellular matrix to the cytoskeleton in many cell types ([@r1][@r2][@r3]--[@r4]). As such, DG has important functions in many processes, including basement membrane assembly ([@r5]) and muscle regeneration ([@r6]). Further, it acts as a receptor for lymphocytic choriomeningitis virus and Lassa fever virus, which facilitates viral infection ([@r7]). DG is encoded by the *DAG1* gene, and the resulting polypeptide is cleaved into α-DG and β-DG by autoproteolysis ([@r2], [@r8]). β-DG is the transmembrane subunit and it interacts noncovalently with α-DG; its intracellular domain binds to the cytoskeletal protein dystrophin ([@r2], [@r3], [@r9], [@r10]). α-DG is the extracellular subunit that binds to extracellular matrix proteins including agrin, laminin, neurexin, perlecan, and pickachurin ([@r2], [@r11][@r12][@r13]--[@r14]). The ability of α-DG to bind to extracellular matrix proteins depends on posttranslational modifications, specifically O-glycosylation of its mucin-like domain (amino acids 313--485) ([@r15], [@r16]). This also requires the N-terminal domain of α-DG (α-DGN; amino acids 1--312), which interacts with the glycosyltransferase LARGE1 to initiate functional O-glycosylation of the mucin-like domain ([@r17], [@r18]). When α-DG lacks α-DGN, interaction with LARGE1 is impaired and the function of α-DG as an extracellular matrix receptor is abolished ([@r17]).

Several studies indicate a role for α-DGN beyond functional O-glycosylation of α-DG. α-DGN is naturally cleaved by the proprotein convertase furin at the sequence RVRR (amino acids 309--312) ([@r19]), which does not disturb the function of α-DG ([@r17]). α-DGN has a globular structure that is organized into two subdomains ([@r20]). The first subdomain is a typical Ig-like domain; the second subdomain resembles ribosomal RNA-binding proteins ([@r21]). Notably, α-DGN is secreted by cells in culture ([@r22]) and has been detected in a wide variety of human bodily fluids, including serum and plasma ([@r22], [@r23]), urine ([@r24]), cerebrospinal fluid ([@r22], [@r24]), and lachrymal fluid ([@r24]). One study showed that recombinant α-DGN binds to several laminins, fibronectin, and fibrinogen in regenerating peripheral nerves, and that the addition of recombinant α-DGN to PC12 cells promotes neurite extension ([@r25]). Interestingly, increased α-DGN levels have been observed in the cerebrospinal fluid of patients with Lyme neuroborreliosis ([@r24]) and in the uterine lavage of early-stage endometrial cancer patients ([@r26]). The latter study suggests a role for α-DGN in maintaining the integrity of tight junctions and the polarity of endometrial epithelial cells. In contrast, decreased levels of α-DGN have been reported in the serum of patients with Duchenne muscular dystrophy (DMD) and in the serum of utrophin-deficient *mdx* mice, a mouse model for DMD ([@r27]). Thus, α-DGN levels are altered in certain disease states, yet the functional significance of its secreted form remains largely unknown.

In line with this, expression of *furin*, which can potentially affect the secretion of α-DGN, is also changed in specific disorders, including in several inflammatory disorders. For example, elevated *furin* expression levels have been observed in various types of cancer ([@r28]) and furin protein has been found in atherosclerotic plaques ([@r29]). In addition, *furin* is up-regulated in activated T cells ([@r30]) and is highly expressed in samples from rheumatoid arthritis patients ([@r31]). Given the potential for furin to affect the secretion of α-DGN, and the altered expression of both α-DGN and furin in the context of disease, we hypothesized that inflammation induces *furin* expression leading to increased secretion of α-DGN. To address this hypothesis, we studied *furin* expression and α-DGN secretion in the context of Influenza A virus (IAV) infection, which causes a localized respiratory infection associated with inflammation in the airways. We show that in the context of IAV infection, *furin* expression is increased and that secreted α-DGN is detectable in murine airways. In addition, mice lacking α-DGN exhibit significantly higher viral titers in whole lung tissue after IAV infection, while overexpression of α-DGN in the lungs significantly reduced viral load after IAV infection, suggesting that α-DGN plays a role in the clearance of IAV and may have antiviral properties. In conclusion, we show an unexpected role for α-DGN that goes beyond its function as an interacting partner of LARGE1.

Results {#s1}
=======

Infection with IAV Elevates *Furin* Expression in the Lungs and Decreases α-DGN Levels in the Bronchoalveolar Lavage Fluid. {#s2}
---------------------------------------------------------------------------------------------------------------------------

To test our hypothesis that inflammation induces *furin* expression, which leads to increased secretion of α-DGN, we infected wild-type C57BL/6 mice with the mouse-adapted IAV strain A/Puerto Rico/8/1934 H1N1 (PR8). Using quantitative RT-PCR, we next detected a significant increase in the expression of *furin* in whole lung tissue of PR8-infected C57BL/6 mice, but not in whole lung tissue of C57BL/6 mice administered phosphate-buffered saline (PBS), on day 6 after infection \[*P* = 0.0034, [Fig. 1*A*](#fig01){ref-type="fig"} (relative data), [*SI Appendix*, Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904493116/-/DCSupplemental) (absolute data)\], indicating that inflammation indeed induces *furin* expression. To determine if the increased expression of furin is associated with an increase in α-DGN secretion, we assessed the levels of α-DGN in the bronchoalveolar lavage (BAL) fluid of C57BL/6 mice that were infected with PR8 using an ELISA. For this assay, we used the α-DGN antibody Sheep173, an affinity-purified sheep polyclonal antibody that was made using the complete N-terminal region of α-DG ([*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904493116/-/DCSupplemental)). Surprisingly, we detected a significant decrease in the level of secreted α-DGN in the BAL fluid of these mice \[*P* = 0.0030, [Fig. 1*B*](#fig01){ref-type="fig"} (relative data), [*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904493116/-/DCSupplemental) (absolute data)\]. However, intranasal PR8 infection resulted in a dose-dependent reduction of α-DG glycosylation levels in whole lung tissue of C57BL/6 mice, as detected by Western blot analysis using the IIH6 antibody that detects the glycosylated form of α-DG, without altering the amount of detectable β-DG ([Fig. 1*C*](#fig01){ref-type="fig"}). As α-DGN cleavage may affect the interaction between α-DG and LARGE1 and, thus, glycosylation of α-DG, these results suggest that the elevated expression of *furin* indeed led to accelerated cleavage of α-DGN from α-DG.

![Infection with IAV elevates furin expression in the lungs and decreases α-DGN levels in the BAL fluid. (*A*) *Furin* expression in whole lung tissue of PR8-infected C57BL/6 mice 6 d after infection. *Furin* expression is relative to the housekeeping genes *Rpl4* and *Rps29* and normalized to expression in PBS-treated C57BL/6 mice, which was set at 1. Statistical analysis was performed using a Student's *t* test. (*B*) Relative α-DGN levels in the BAL fluid of PR8-infected C57BL/6 mice at the indicated day following infection. Data are normalized to the α-DGN concentration on day 0, which was set at 1. Statistical analysis was performed using Kruskal--Wallis analysis of variance on ranks followed by Dunn's multiple comparison tests. Data consist of two independent experiments with three to five mice (*A*) or three to four mice (*B*) per group in each experiment. Each dot represents an individual mouse; black dots represent mice in experiment 1, gray dots represent mice in experiment 2. \*\**P* \< 0.01 (*A* and *B*). (*C*--*E*) α-DG protein expression, α-DG glycosylation levels, and β-DG protein expression in whole lung tissue from PR8-infected C57BL/6 mice 6 d after IAV infection (*C*), 2 wk after infection with an adenovirus encoding furin (*D*), or 1 d after intranasal treatment with CpG ODN (*E*). Mice received PBS, a low dose of PR8 (1 × 10^5^ TCID~50~; PR8 low), or a higher dose of PR8 (2 × 10^5^ TCID~50~; PR8 high). α-DG protein expression and α-DG glycosylation levels were quantified relative to β-DG protein expression (*C*). Mice received a control GFP-expressing adenovirus (GFP) or a furin-expressing adenovirus (Furin) (*D*). Mice received PBS, CpG ODN (on two occasions, 3 d apart; CpG), or PR8 (2 × 10^5^ TCID~50~; PR8). Mice that received CpG ODN were killed 1 d after the second treatment; mice that received intranasal PBS or PR8 were killed on day 6 after infection (*E*). Data are representative of three (*C*) or two independent experiments (*D* and *E*). Each lane represents an individual mouse. Protein size indicated is in kilodaltons. The Sheep174 antibody binds to α-DG even in the absence of glycosylation. The IIH6 antibody detects the glycosylated form of α-DG (\*). The 8D5 antibody detects β-DG (*C*--*E*).](pnas.1904493116fig01){#fig01}

To confirm this, we infected C57BL/6 mice intranasally with an adenovirus to overexpress furin. Two weeks later, we measured reduced α-DG glycosylation levels in whole lung tissue of these mice ([Fig. 1*D*](#fig01){ref-type="fig"}). Next, to assess α-DG glycosylation levels in a situation that mimics the pulmonary inflammatory response that is observed after PR8 infection, we administered intranasal CpG oligonucleotides (ODN), a Toll-like receptor 9 agonist ([@r32]), in C57BL/6 mice. CpG ODN treatment also reduced α-DG glycosylation levels in the lungs ([Fig. 1*E*](#fig01){ref-type="fig"}), suggesting that α-DGN cleavage results from IAV-induced inflammation rather than from the infection of cells. Thus, despite detecting reduced levels of α-DGN in the BAL fluid after PR8 infection, we observed elevated expression of *furin* and reduced levels of α-DG glycosylation, suggesting increased secretion of α-DGN upon IAV infection. The reduced levels of α-DGN in the BAL fluid following PR8 infection suggest that it may have a function during IAV infection and is engaged in an, as of yet, unknown process.

Mice that Lack DG or α-DGN Exhibit Higher Viral Titers in the Lungs After IAV Infection. {#s3}
----------------------------------------------------------------------------------------

To further investigate a potential function for α-DGN during IAV infection, we next infected (*i*) mice that lack the complete *Dag1* gene, which encodes both α-DG and β-DG (DG-KO mice), and (*ii*) mice that lack the complete *Dag1* gene on one allele and lack the N-terminal domain of α-DG on the second allele (α-DGN-KO mice). Since glycosylation of α-DG is required for the formation of an extraembryonic basement membrane, the Reichert's membrane ([@r33]), conventional DG-KO mice and α-DGN-KO mice exhibit an embryonic lethal phenotype. Thus, we used tamoxifen-inducible DG-KO mice and tamoxifen-inducible α-DGN-KO mice for our experiments; in both mouse models, genetic deletion can be induced in a time-specific manner upon administration of tamoxifen ([@r34]).

All mice first received two doses of tamoxifen at 2 mo of age by oral gavage. Cre-negative littermates that also received tamoxifen were used as control mice. Two months after administering tamoxifen, both Cre-positive mice and Cre-negative mice were infected with PR8. Four days following PR8 infection, the day that the highest viral titers in whole lung tissue can be measured ([@r35]), skeletal muscle was harvested to confirm gene deletion and whole lung tissue was obtained to determine viral titers. Skeletal muscle from these mice confirmed that tamoxifen treatment resulted in the loss of both α-DG protein expression and β-DG protein expression in DG-KO mice and in reduced glycosylation of α-DG in α-DGN-KO mice ([*SI Appendix*, Fig. S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904493116/-/DCSupplemental)). Notably, both DG-KO mice and α-DGN-KO mice exhibited higher PR8 viral titers in their lungs than their wild-type littermates on day 4 after infection \[*P* = 0.0047 and *P* = 0.0079, [Fig. 2](#fig02){ref-type="fig"} (relative data), [*SI Appendix*, Fig. S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904493116/-/DCSupplemental) (absolute data)\]. These data demonstrate that α-DGN is required to optimally control viral load and suggest it may play an antiviral role during IAV infection.

![Mice that lack DG or α-DGN exhibit higher viral titers in the lungs after IAV infection. (*A* and *B*) Relative titers of PR8 virus on day 4 after infection in whole lung tissue of control (WT) mice and those that lack DG (DG-KO) (*A*) or α-DGN (α-DGN-KO) (*B*). Data consist of two independent experiments with three to four mice (*A*) or two to three mice (*B*) per group in each experiment. Titers from DG-KO mice (*A*) and α-DGN-KO mice (*B*) are relative to those from control mice, which were set at 1. Each dot represents an individual mouse: black dots represent mice in experiment 1; gray dots represent mice in experiment 2. Statistical analysis was performed using a Mann--Whitney *U* test. \*\**P* \< 0.01 (*A* and *B*).](pnas.1904493116fig02){#fig02}

Overexpression of α-DGN or Treatment with Recombinant α-DGN Reduces Viral Titers in the Lungs after IAV Infection. {#s4}
------------------------------------------------------------------------------------------------------------------

Since the ablation of α-DGN increased the viral burden of PR8-infected mice, we next determined whether overexpression of α-DGN could enhance control of the virus during IAV infection. First, C57BL/6 mice were treated intranasally with a DG-expressing adenovirus or an adenovirus that encodes DG with a mutation in the furin recognition site of α-DG, preventing the cleavage of α-DGN (DGR312A). We predicted that after adenovirus infection, the amount of α-DGN in the BAL fluid of C57BL/6 mice infected with the DGR312A adenovirus would be lower than the amount of α-DGN in the BAL fluid of C57BL/6 mice infected with the DG adenovirus. Two weeks after intranasal administration of the adenoviruses, the levels of α-DGN in the BAL fluid were indeed lower in mice infected with the DGR312A adenovirus ([*SI Appendix*, Fig. S6*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904493116/-/DCSupplemental)). To determine if increased α-DGN in the BAL fluid had an impact on the response to the viral infection, we infected a larger set of C57BL/6 mice with these two adenoviruses 2 wk before PR8 infection and found that on day 4 after PR8 infection, PR8 viral titers in whole lung tissue of C57BL/6 mice that received the DG adenovirus were significantly lower relative to mice that received the DGR312A adenovirus \[*P* = 0.0039, [Fig. 3*A*](#fig03){ref-type="fig"} (relative data), [*SI Appendix*, Fig. S6*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904493116/-/DCSupplemental) (absolute data)\]. Thus, this suggests that elevated levels of α-DGN in the BAL fluid reduced viral titers in mice infected with PR8.

![Overexpression of α-DGN or treatment with recombinant α-DGN reduces viral titers in the lungs after IAV infection. Relative titers of PR8 virus in whole lung tissue of C57BL/6 mice on day 4 after infection are shown. (*A*) Two weeks before infection, mice were infected with an adenovirus encoding wild-type DG (DG) or a mutated form of DG in which the N terminus cannot be cleaved (DGR312A). (*B*) Two weeks before infection, mice were infected with a GFP-expressing adenovirus or an HA-tagged α-DGN-GFP adenovirus. (*C*) Mice were treated with the elution buffer imidazole or recombinant His-tagged α-DGN 1 d before infection and on days 1 and 3 after infection. (*D*) Mice were treated with the elution buffer imidazole or recombinant His-tagged α-DGN on day 1, 2, and 3 after infection. Data are representative of two independent experiments with five mice (*A*), three to five mice (*B*), four to five mice (*C*), or two to five mice (*D*) per group in each experiment. Each dot represents an individual mouse: black dots represent mice in experiment 1; gray dots represent mice in experiment 2. Statistical analysis was performed using a Mann--Whitney *U* test. \*\**P* \< 0.01.](pnas.1904493116fig03){#fig03}

In a second experiment, we compared viral titers in whole lung tissue of PR8-infected C57BL/6 mice that received a control GFP-expressing adenovirus with those that received an HA-tagged α-DGN-GFP adenovirus and, thus, overexpressed α-DGN in the BAL fluid. Two weeks after administration of the adenoviruses, we confirmed the overexpression of α-DGN in the BAL fluid of a small set of C57BL/6 mice ([*SI Appendix*, Fig. S7*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904493116/-/DCSupplemental)). We next determined the effect of overexpressing α-DGN in the BAL fluid on the viral titers of mice infected with PR8. Mice overexpressing α-DGN in the BAL fluid had a significant decrease in PR8 viral titers in whole lung tissue relative to those that received the control adenovirus \[*P* = 0.0037, [Fig. 3*B*](#fig03){ref-type="fig"} (relative data), [*SI Appendix*, Fig. S7*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904493116/-/DCSupplemental) (absolute data)\], further supporting the role of α-DGN in regulating the response to IAV infection.

To further confirm that overexpression of α-DGN in the BAL fluid decreases viral titers in whole lung tissue of PR8-infected mice, we also treated PR8-infected C57BL/6 mice with recombinant His-tagged α-DGN protein. C57BL/6 mice received prophylactic intranasal treatment with His-tagged α-DGN, or received the elution buffer imidazole, 1 d before PR8 infection and received additional treatments on days 1 and 3 after infection. Four days after PR8 infection, significantly lower PR8 viral titers were observed in whole lung tissue of mice treated with His-tagged α-DGN than were found in mice that received the elution buffer imidazole \[*P* = 0.0028, [Fig. 3*C*](#fig03){ref-type="fig"} (relative data), [*SI Appendix*, Fig. S8*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904493116/-/DCSupplemental) (absolute data)\]. As prophylactic treatment of IAV is an unlikely clinical scenario, we next assessed PR8 viral titers in whole lung tissue of mice that received treatment with recombinant His-tagged α-DGN starting 1 d after PR8 infection and continuing on days 2 and 3 after infection. On day 4 after PR8 infection, significantly lower PR8 viral titers were observed in whole lung tissue of mice that received intranasal treatment with His-tagged α-DGN relative to mice that received the elution buffer imidazole \[*P* = 0.0017, [Fig. 3*D*](#fig03){ref-type="fig"} (relative data), [*SI Appendix*, Fig. S8*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904493116/-/DCSupplemental) (absolute data)\]. Collectively, these in vivo experiments suggest that the increased levels of α-DGN in the BAL fluid reduce the severity of IAV infection.

α-DGN Reduces Influenza-Mediated Hemagglutination. {#s5}
--------------------------------------------------

Given the efficacy of reducing viral titers upon overexpression of α-DGN, we set out to determine the mechanisms by which α-DGN mediates its antiviral role during acute IAV infection. We hypothesized that α-DGN may reduce viral titers by neutralizing IAV. To test this hypothesis, we performed a series of hemagglutination inhibition (HI) assays ([@r36]), which determine the ability of red blood cells to bind to the hemagglutinin glycoprotein, the viral attachment protein that initiates cellular infection and is on the surface of the influenza virus particle. In the presence of a neutralizing agent, red blood cells and the influenza virus do not agglutinate as efficiently. Using this HI assay, we compared the ability of recombinant His-tagged α-DGN (expressed in and purified from HEK293 cells) to disrupt agglutination of red blood cells and the PR8 virus relative to the elution buffer imidazole and found a significant increase in the HI titers when His-tagged α-DGN was added (*P* = 0.0383, [Fig. 4*A*](#fig04){ref-type="fig"}), indicating that α-DGN disrupted agglutination.

![α-DGN reduces influenza-mediated hemagglutination. HI titers in the presence of recombinant His-tagged α-DGN (DGN) expressed by HEK293 cells compared with the elution buffer imidazole (Buffer) (*A*), recombinant α-DGN (DGN) produced by *E. coli* compared with the laminin G-4,5 domains of laminin-α1 (LG) produced by *E. coli* (*B*), or recombinant α-DGN (DGN) produced by *E. coli* compared with the mutant α-DGN-T192M *E. coli* protein (T192M) (*C*). Average HI titers are shown for three independent experiments with each experiment consisting of three technical replicates. Statistical analysis was performed using a Mann--Whitney *U* test. \**P* \< 0.05.](pnas.1904493116fig04){#fig04}

To address the specificity of this interaction, we overexpressed α-DGN in *Escherichia coli* and purified it and an *E. coli*-derived control protein (the laminin G 4,5-domains of laminin-α1), and used both purified proteins in our HI assay. We again observed an increase in the HI titers in the presence of α-DGN, whereas this was not observed for the control protein (*P* = 0.0318, [Fig. 4*B*](#fig04){ref-type="fig"}), indicating that α-DGN can specifically neutralize IAV. We also compared *E. coli*-derived α-DGN protein with a mutated α-DGN-T192M protein expressed in and purified from *E. coli*. This mutant protein interrupts the interaction of α-DGN with LARGE1, resulting in reduced glycosylation of α-DG, thus disturbing its function as an extracellular matrix protein ([@r37]). Crystallographic analysis showed that the α-DGN region of the α-DGN-T190M protein (T192M mutation in human and rabbit; T190M mutation in mouse) adopts a conformational change and undergoes reorganization that potentially affects protein folding ([@r38]). In addition, small-angle X-ray scattering analysis showed that the T190M mutant, and also two other pathological point mutations in the N-terminal region of α-DG (V72I and D109N), altered the structural flexibility of α-DGN, which may explain why the interaction with LARGE1, and potentially other DG-modifying enzymes, is disturbed ([@r39]). In our HI assay, HI titers were significantly increased with the addition of the nonmutated α-DGN protein relative to the α-DGN-T192M protein (*P* = 0.0383, [Fig. 4*C*](#fig04){ref-type="fig"}), further indicating the specificity of α-DGN and suggesting its confirmation is also important in neutralizing IAV. These results demonstrate that α-DGN can neutralize IAV in vitro and suggest this may contribute to the antiviral effect of α-DGN observed in vivo.

Discussion {#s6}
==========

Due to the involvement of α-DG in the dystroglycanopathies, most of the research on this protein is focused on its role in skeletal muscle. The dystroglycanopathies are a group of disorders that are caused by mutations in genes associated with the O-glycosylation of α-DG and include various forms of congenital muscular dystrophy and limb-girdle muscular dystrophy ([@r40]). Thus far, research in skeletal muscle has shown that α-DGN is necessary for the interaction of α-DG with the glycosyltransferase LARGE1, which initiates O-glycosylation of α-DG ([@r17], [@r18]). While research on α-DG in the lungs is limited, it is expressed in both the smooth muscle cells and the epithelial cells in the lungs ([@r41]). Furthermore, α-DG is involved in airway epithelial cell repair ([@r42]), epithelial morphogenesis of the lungs ([@r43]), and as a mechanoreceptor that transmits mechanical stretch forces by activating ERK1/2 and AMPK signaling cascades during normal respiration ([@r44], [@r45]). However, none of these studies have determined if α-DGN is secreted in the lungs or if it alters responses to IAV infection. In this study, we set out to determine whether inflammation induces *furin* expression and α-DGN secretion in the lungs. We show that IAV infection, which causes inflammation in the airways, indeed increases *furin* expression levels in whole lung tissue and that secreted α-DGN is detectable in murine BAL fluid. In addition, we show in vivo that absence of α-DGN significantly increases viral titers, while overexpressing α-DGN significantly reduces viral load after IAV infection. Finally, we show in vitro that α-DGN can neutralize IAV.

α-DGN has a high degree of sequence homology with the Ig kappa family ([@r46]) and may be increased during infections such as Lyme neuroborreliosis ([@r24]), suggesting it may have a protective function in the context of some diseases. The mouse-adapted IAV strain PR8 causes a localized infection in the lungs, limiting inflammation to the airways. As a result, this infection served as a useful model to study secreted α-DGN in the lungs in the context of inflammation, using a variety of tools (conditional knockout mice, overexpression studies, therapeutic applications). We chose to use IAV infection to induce inflammation, in addition to the proinflammatory stimulus CpG ODN ([@r32]), as this also gave us the opportunity to determine whether secreted α-DGN might have a protective function. The proprotein convertase furin can naturally cleave α-DGN from α-DG, thus reducing its ability to be O-glycosylated. Although we observed an increase in *furin* expression levels and reduced levels of α-DG glycosylation in the lungs of C57BL/6 mice after PR8 infection, we could not confirm that inflammation increased secreted α-DGN levels. We also found reduced levels of α-DG glycosylation in the lungs of C57BL/6 mice after intranasal CpG ODN treatment. As we observed reduced levels of α-DG glycosylation in the lungs either by IAV infection or by CpG ODN treatment, we believe that cleavage of α-DGN from α-DG is increased in both situations, supporting our hypothesis that inflammation increases *furin* expression levels leading to increased secretion of α-DGN. The decrease in α-DGN levels in the BAL fluid of PR8-infected C57BL/6 mice we observed following infection, as opposed to the expected increase in α-DGN levels, suggests that secreted α-DGN may have already been cleared from the BAL fluid or that α-DGN is retained within the cytosol while engaged in an, as of yet, unknown process and supports a potential antiviral function for α-DGN during IAV infection.

In line with this, we found that mice lacking DG or α-DGN had increased viral titers in whole lung tissue after PR8 infection, while overexpression of α-DGN decreased viral titers. Further, our HI assays suggested that α-DGN neutralizes IAV, as both recombinant His-α-DGN and *E. coli*-derived α-DGN reduced the binding of red blood cells to the hemagglutinin glycoprotein on the influenza virus particle. In human (HeLa) and mouse (C2C12) cells, and in human cerebrospinal fluid, α-DGN is a sialylated glycoprotein with both N- and O-linked glycans ([@r22], [@r23]). The fact that *E. coli*-derived α-DGN, which lacks glycans, also reduced influenza-mediated hemagglutination suggests that the presence of glycans on α-DGN does not play a major role in its antiviral effect. Future studies involving virus overlay protein binding assays and/or solid phase binding assays will be needed to determine if there is a direct interaction between α-DGN and PR8. In line with this, as α-DGN is a known interaction partner of LARGE1, we would like to perform future studies to establish potential structural similarities between LARGE1 and the IAV viral proteins. Alternatively, α-DGN may be competing with PR8 for receptors that are present on lung epithelial cells. To cause an infection, the hemagglutinin proteins on IAV bind to host cell receptors on lung epithelial cells that contain terminal α-2,6--linked or α-2,3--linked sialic acid moieties ([@r47]). As IAV is not the only virus that uses sialylated receptors in the lungs for infection ([@r48]), α-DGN may also play a protective function during other respiratory infections.

As muscle complications like pain and weakness are common during influenza infection in humans, a recent study looked at the effects of IAV infection in the context of muscular dystrophy using a zebrafish model of DMD. Using the same IAV strain that was used in our experiments, this study showed that systemic IAV infection leads to skeletal muscle fiber damage and increased inflammation in zebrafish skeletal muscle tissue, and that the extent of skeletal muscle fiber damage and mortality at early time points is exacerbated in zebrafish infected with PR8 ([@r49]). In our studies, we did not look at muscle pathology of the DG-KO mice and α-DGN-KO mice, although reduced α-DG (glycosylation) levels were observed in the skeletal muscles of these mice 2 mo after tamoxifen exposure. However, a previous study from our laboratory showed no overt necrosis and no difference in the percentage of centrally nucleated fibers and fiber size variation in DG-KO mice 3 mo after tamoxifen treatment. Also, at 2 mo after tamoxifen exposure, the specific forces in extensor digitorum longus muscles of DG-KO mice were comparable to those measured in control mice ([@r34]). Finally, we used intranasal delivery of the influenza virus, and not systemic delivery, which induces a localized respiratory infection in the lungs. Taken together, it seems unlikely that the increased PR8 viral titers that we observed in whole lung tissue of PR8-infected DG-KO mice and α-DGN-KO mice 2 mo after tamoxifen administration are due to muscle pathology of the respiratory muscles of these mice.

In this study, we show that *furin* expression levels in whole lung tissue are increased after IAV infection. Notably, furin inhibition is regarded a promising strategy for the short-term treatment of acute IAV infections ([@r50]), as furin activates various viral glycoproteins, including the hemagglutinin glycoprotein of several H5 and H7 influenza A strains ([@r51]). However, most influenza viruses, including the PR8 strain (H1N1 influenza A strain) that we used for our studies, do not contain a multibasic site (R-X-K/R-R motif) that is recognized by furin, and instead only contain a single arginine (monobasic site) that can, among others, be cleaved by trypsin-like serine proteases ([@r52]). Further, as inhibiting furin may affect the cleavage of α-DGN from α-DG, we believe that furin inhibition may only be a successful therapeutic strategy for a limited number of IAV infections.

We show in this study that overexpression of α-DGN in the lungs significantly reduced viral load after IAV infection, suggesting a protective role for the N-terminal fragment of α-DG in IAV proliferation with potential implications for its use as a treatment for IAV infection. All PR8 viral titers obtained in this study were determined on day 4 after infection, which, from our experience, is the day that the highest viral titers in whole lung tissue can be measured ([@r35]). However, disease burden on body weight is limited on day 4 after PR8 infection as mice typically start losing body weight at day 3 after infection, with the greatest severity in weight loss observed around day 8 after infection ([@r35]). In conclusion, to further determine whether overexpression of α-DGN in the lungs is a therapeutic option for IAV infection, studies in which mice are followed for a prolonged period of time after PR8 infection to establish disease burden on body weight and overall survival are needed.

Materials and Methods {#s7}
=====================

For details of mice, antibodies, and analysis, see [*SI Appendix*, *SI Materials and Methods*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904493116/-/DCSupplemental).

Antibodies. {#s8}
-----------

Polyclonal DGN antibody Sheep173 was made by immunizing a sheep with a His-tagged rabbit DGN protein (amino acid 1--315 of α-DG) grown in a stable mammalian cell line \[HEK293 cells; American Type Culture Collection (ATCC)\] and purified by Talon beads (Takara Bio USA, Inc.). The anti-DGN antibodies in the sheep serum were affinity purified by affinity strips containing rabbit DGN purified from *E. coli* and transferred to a polyvinylidene difluoride membrane (Immobilon FL-Membrane; Millipore) to enrich antibodies to α-DGN lacking glycans and, thus, exclude any carbohydrate-specific antibody epitopes. Polyclonal α-DG antibody Sheep174 targeting the mucin region of α-DG (amino acid 316--485 of α-DG) was made by immunizing a sheep with a His-tagged protein grown in a stable mammalian cell line (HEK293 cells; ATCC) and purified by Talon beads (Takara Bio USA, Inc.). The anti-α-DG antibodies to the mucin region were affinity purified by affinity strips containing GST-mucin α-DG purified from *E. coli* and transferred to a polyvinylidene difluoride membrane (Immobilon FL-Membrane; Millipore). Using *E. coli* protein of the mucin α-DG region for affinity purification ensured we enriched for antibodies to α-DG lacking glycans in the mucin region and excluded any carbohydrate-specific antibody epitopes.
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